Introduction
In this book I discuss and describe examples of hydrothermal mineral systems and of individual deposits, whose choice and geographic provinciality is based partly on personal experience and/or knowledge of the deposit(s) in question, partly on features of some specific ore systems and aspects thereof that I consider important for illustrating models of ore genesis, which may be useful as a knowledge base. I have drawn heavily from published literature and from my own publications. The reader will also note that some examples of ore systems are described at greater length than others. The reason for this inbalance is that some mineral systems and/ or deposits are especially suitable in providing insights that have more general applications. One reviewer noted that in some chapters I dwell at some length in the discussion of some aspects of Chinese geology and mineralisation. I make no apologies for this occasional predilection. For the past fourteen years I have been increasingly involved in the study of the tectonics and mineral deposits of China, together with Chinese colleagues from a number of research institutions (see Acknowledgments).
In this Introduction and before outlining the nature and contents of this book, I think it appropriate to discuss some issues of definitions and classification of ore deposits.
Definitions and Classifications of Ore Deposits
The terms mineral deposit, ore deposit, mineral occurrence, prospect, mine, reserves and resources are familiar, but more rigorous definitions are often needed for scientific accuracy and/or legal requirements.
Cox and Singer (1986) defined mineral deposits as occurrences of a valuable commodity (e.g. copper) or mineral (e.g. barite) that are of sufficient size and concentration (grade) that they might, under favourable circumstances, be considered to have potential for economic exploitation. An ore deposit is a mineral deposit that has been tested and discovered to be of sufficient size, grade and accessibility to allow it to be extracted at a profit. Guilbert and Park (1986) considered ores as rocks or minerals that can be mined, processed and delivered to the market place or to technology at a profit. Mineral deposit carries no necessary profitability implications and usually denotes subeconomic or incompletely evaluated occurrences of ore minerals. Mineral occurrences or ore-mineral occurrences are uneconomic, but still anomalous concentrations of minerals that may form ores elsewhere.
Reserves include orebodies in production, or known by drilling or other specific measurements, to exist. Reserves are subdivided into measured, indicated and inferred, following the regulations set out by the JORC Code (2004).
Resources include reserves and all other potentially viable mineral deposits that are either unknown or uneconomic at present, but can still be reasonably expected to exist.
Definitions set out in Cooper et al. (1998) are applied by the Geological Survey of Western Australia and these include prospect as any working or exploration activity that has found subeconomic mineral occurrences, and from which there is no recorded production. Operating mines are workings that are operating, including on a care-and-maintenance basis, or that are in development leading to production.
In every day practice, and in the majority of recent publications, the general term ore deposit is used a broader sense to include both economic and non-economic mineral deposits. Mineral system or ore system are terms used interchangeably in this book. The concept of a mineral (ore) system is analogous to that of a petroleum system, but owing to the nature of ore deposits and host rocks, a mineral system is far more diverse and complex. The formation of an ore deposit requires a source of metals, a mode of transport (usually a hydrothermal fluid, but also can be a magma) and a site of deposition or accumulation, where commodities become concentrated to enable economically viable extraction during a given period. A mineral system includes all geological and geodynamic factors, at all scales, that control the inception, evolution and preservation of ore deposits, sensu lato. Thus, the study of mineral systems necessarily must integrate;
(1) local studies on recognised deposits, including such factors as; local geology, rock types and structural controls location of potential accumulation sites the physico-chemical processes leading to deposition; with (2) regional scale studies including geodynamic (tectonic) controls on timing and location of ore deposits 
Classifications and Models
The systematic classification of ore deposits is inherently fraught with many difficulties. These stem from a large number of variables (lithological, structural, chemical and tectonic), all of which interact to make the observed data difficult to interpret. Frimmel (2007), referring to Au deposits, stated that ''a given deposit may be classified according to host rock (e.g. sediment-hosted), or according to a preferred genetic model (e.g. orogenic), the classification may emphasize a specific metal association (e.g. iron oxide copper gold), or it may be based on a comparison with a large prototype (e.g. Carlin type)''.
The recently recognised role of meteorite megaimpacts as an important geological process adds to an already complex scenario. Any classification scheme has to take into account that ore deposits are formed by one or more of three fundamental processes, namely: magmatic, hydrothermal, mechanical and residual. Each can be further subdivided as follows: If geological processes are used to classify ore deposits, they necessarily rely heavily on genetic factors; however, ore genesis can be extremely complex because it usually involves a number of interactive processes. Genetic classifications lend themselves to mis-interpretations. In fact, variations within the same class of ore deposits can be extreme. For instance, the class of Cu-Au-U-REE-Fe (IOCG) deposits includes Olympic Dam (South Australia), the Fe deposits of the Kiruna district (Sweden), Fe-REE deposits of Box Bixby and Pea Ridge (Missouri, USA) and possibly the REE-rich Bayan Obo (Mongolia), the Palabora carbonatitehosted Cu and the Vergenoug Fe-F deposit (South Africa). When examined in detail all of these deposits are remarkably different. Nevertheless, they all have a common theme: anorogenic mafic to alkaline magmatism in rift settings, with many, but not all, of Proterozoic age.
The alternative is to use a non-genetic classification scheme. This can be done by using host rocks and/or geological environments. However, here too there are problems. For example, Ni and Cu deposits hosted in layered mafic-ultramafic rocks in the interior of cratons, comprise such a great variety of types and styles, ranging from primary magmatic to hydrothermal. Another possibility is to consider ore deposits on a combination of descriptive features, such as host rocks and dominant economic metal(s), and genetic features, such as mechanism of fluid movement, temperature of formation, alteration and extent, if any, of magmatic involvement. Some students of ore deposits adopt a descriptive classification based upon the dominant economic metals and then modify individual categories based upon compositional, tectonic, or genetic variations. An example is the classification of porphyry deposits into porphyry copper-gold, porphyry copper-molybdenum, and porphyry tin types.
In reality, none of the above schemes (genetic, non-genetic or mixed geneticnon-genetic) are adequate because they are open to all sorts of debates.
Holistic studies of ore deposits and their classification can be divided into two groups: studies done before plate-tectonics was recognised as a global geological process, and those done afterwards. In the former are the works of Lindgren (1933), Bateman (1967), Stanton (1972), Smirnov (1976) and Jensen and Bateman (1979) . To the second group belong Mitchell and Garson (1981), Hutchison (1983) , Sawkins (1990) , and Guilbert and Park (1986 Cox and Singer (1986) preferred to classify ore deposit models by geologicaltectonic environment, thereby devising a tree-like diagram such as those used in life-sciences. In this way, they consider a first division into: igneous, sedimentary, regional metamorphic and surficial. Mitchell and Garson (1981) were amongst the first to enthusiastically espouse the idea that plate tectonics offered a double solution in the difficult task of systematising ore deposits. The idea, with which we are all now familiar, is that plate tectonic processes are responsible for generating ore deposits, therefore ore deposits are effectively an expression of the tectonic setting in which they are formed, but not necessarily the tectonic setting in which they occur. Conversely, a specific type of ore deposit can (and does in many cases) help in unravelling the tectonic setting of a geological terrane. Examples are ophiolite-hosted metal deposits. Some are formed in oceanic crust at a mid-ocean ridge and later tectonically transported onto a continental margin, but the same ophiolite rocks may also host hydrothermal mineralization resulting from deformation and metasomatism during a collision event.
The relationship of ore deposits to plate tectonics led to the formulation of ore deposit models. An ore deposit model describes the essential features (geological, host rocks, wall rock alteration, geochemical/metal associations, spatial distribution, grade, size, ore mineralogy, regional metallogenic framework, tectonic setting) of a group or class of deposits. Ore deposit models effectively are sets of data that best describe a deposit or family of deposits, which share similar features and which contain common geological attributes and are formed in similar tectonic environments. A model can be empirical based entirely on facts, such as field observations, geochemical and geophysical data, or theoretical based on conceptual ideas generally borne out of experience and knowledge of, and extrapolation from known mineral districts. Ore deposit models ranges from simplistic (very limited database) to complex (large database); in the same way as few data points define a smooth curve, whereas many points usually define a more complex curve. But, as is the case for a curve derived from many data points, this can be smoothed to obtain a fairly accurate overall picture. This is the one of the keys to understanding ore deposits and their genesis: filter out the noise and home in to a general model that fits within a regional framework and that adequately explains the observations. Another important factor is that an ore deposit can be modified, perhaps more than once, by subsequent geological processes (e.g. collision tectonics, meteorite impacts). The literature on ore deposit models is abundant; some of the more popular works include Roberts and Sheahan (1988), Kirkham et al. (1993) and Du Bray (1995) .
Overall the new plate tectonics paradigm fostered the modelling of ore systems, which turned out to be very useful in mineral exploration because of their predictive capacity, although the difficulty of obtaining a classification of ore deposits that completely satisfies both genetic and non-genetic conditions remains. Nevertheless, building a mineral system genetic model provides insights into the geodynamic environment of ore formation and, importantly, allows a degree of predictability that can assist in exploration targeting. A thematic issue of the Australian Journal of Earth Sciences is devoted to conceptual exploration targeting (Groves 2008) .
Several other books deal with various aspects of ore deposits. These include: Lindgren (1933), Bateman (1967), Park and MacDiarmid (1970), SmirnovTherefore, the evolution of hydrothermal processes through geological time is ultimately related to planetary cooling and the mode of heat transfer from the mantle towards the surface (e.g. mantle plume events, associated tectonism, continental volcanism, oceanic magmatism). Thus, some hydrothermal systems and related mineral deposits are strictly time-dependent, for example uranium mineralisation and the huge accumulation of banded iron-formations. The latter reached a peak during the Palaeoproterozoic and were associated with an evolving oxygenated atmosphere and the delivery of large quantities of ferrous Fe from seafloor hydrothermal venting, possibly associated with mantle superplume events.
The descriptions and discussions on mineral systems commence with intrusion-related deposits in Chapter 4. In this chapter I begin with an overview of granitic magmatism and intrusion-associated hydrothermal and ore-making processes, before embarking on the description of specific intrusion-related systems, which includes classic cases of Sn-W mineralisation, the less known polymetallic Mo-W-Be-Bi deposits in Siberia, Au and polymetallic veins and hydrothermal systems in alkaline complexes. In this same chapter I have included the Fe oxide copper-gold (IOCG) systems. The inclusion of IOCG systems in this chapter may be disputable, but I find that in spite of the diversity of IOCG deposits, a common link seems to be that they are all related to A-type anorogenic intrusions and magmatism.
Porphyry and epithermal systems are presented in Chapter 5. I may be forgiven for the unusual length of this chapter, but this was somewhat unavoidable due to the common and close link between porphyry and epithermal systems. An important point that I have endeavoured to emphasise is that porphyry and epithermal systems are not necessarily related to subduction settings. Indeed, there is abundant evidence for some porphyry deposits to occur in intraplate rift settings and volcanic rifted margins associated with mantle plume tectonics. I have also included in Chapter 5, the oldest porphyry and epithermal systems that are known from the Pilbara Craton in Western Australia, which were also formed in an intraplate setting. Although, also commonly linked with porphyry intrusions, skarns are described in Chapter 6. Skarn systems generally form in carbonate rocks, are typically mineralogically zoned, characterised by mineral assemblages that reflect decreasing temperatures in a dynamic evolving regime away from the contact with the causative intrusions. Skarns provide a wide array of Sn, W, Fe, Au and base metal ores in tectonic settings ranging from steep to shallow subduction to continental rifting. Skarn systems in eastern China provide a spectrum of mineralisation types and styles that range from veins to disseminated, massive magnetite and sulphides in endoskarn and exoskarns, which in many cases appear transitional to intrusion-related, porphyry and even IOCG systems. These mineral system are controlled by major tectonic boundaries and linked to the activity of asthenopsheric upwellings.
In Chapter 7, I discuss hydrothermal systems in the submarine environments. Truly another fascinating field that has captivated the life science and geoscientific communities with the discovery of unsuspected ecosystems that not only thrive in the absence of oxygen and hot temperatures, but also actively participate in precipitating metalliferous compounds. These submarine hydrothermal systems, in my opinion, give us a glimpse on what the early Earth may have been like and on the environments where life may have been generated. Chapter 7 also looks into the physiography of the ocean floor and provides an overview of what hydrothermal systems are like at spreading centres, island arcs and seamounts, giving us invaluable insights on ancient mineral systems that may have originated on the seafloor. Kuroko and Abitibi types massive sulphides deposits are the classic representative of submarine hydrothermal systems in the geological record and again we have examples of the most ancient ones in the Pilbara Craton, where evidence of early life is undeniably present (Chapter 10). Other ancient deposits are more difficult to pigeon-hole and may represent either a unique case or a new system type. In this category I include the Iberian Pyrite Belt, arguably the world's largest metal accumulation, and the unusual Abra deposit in Western Australia.
There is a transition from oceanic seafloor hydrothermal systems, the metalliferous sediments that accumulate well away from hydrothermal vents and hydrothermal systems that actively form in incipient oceanic settings, such as the Red Sea. These are discussed in Chapter 8, in which volcano-sedimentary basins in intracontinental rift settings are the main topic with examples from the great East African Rift System. The East African rifts and the Red Sea together may well present a modern analogue of the variability of rift settings in which giant and world-class sedimentary exhalative (SEDEX) deposits were formed. In this chapter I have included the disseminated Cu-Co sulphides of the Central African Copperbelt and the world-class SEDEX deposits of Australia and South Africa. Mississippi valley-type (MVT) are included in Chapter 8 as part of the stratabound mineral systems, although these may also have been incorporated in Chapter 9. Iron (and Mn) formations (banded and granular) not only constitute giant accumulation of Fe (and Mn) but, in the 21st century, are in high demand by the emerging economies resulting in unprecedented prosperity in the supplying countries. Iron formations are time-dependent and effectively confined to passive margins that resulted from supercontinent breakup in the Palaeo-Mesoproterozoic. The deposition of Fe oxides occurred because of changes in oxygen levels in the biosphere-hydrosphere-atmosphere system.
Chapter 9 deals with amagmatic and hydrothermal systems of uncertain origin, amagmatism intended as lack of, unproven or doubtful involvement of magmas. In reality, amagmatism is not entirely proven for the class of orogenic lodes, which continue to defy us on whether there was or not direct or even indirect involvement of magmas. If and where there is such a link then the relevant orogenic lodes can be considered as intrusion-related systems. It is, however, well established that compression in collision orogen and metamorphic devolitilsation processes were implicated in the making of these ore systems. Carlin-type or better Carlin-style deposits too present a challenge in that a clear link with magmatic activity remains elusive and fall into a category best considered of uncertain origin. Similarly for black shales, also discussed in this chapter and whose metal endownment's origin is not entirely clear. The example given in this book is that of southern China, where highly mineralised black shales exhibit unusual textures and metal association (Mo-Ni-V-PGE-Au). Given the age and nature of these deposits, I cannot help but wonder if there is a link with a large meteorite impact, with a possible candidate being the Acraman structure in South Australia. Nonsulphide mineral systems, the result of palaeoweathering processes that have operated on MVT deposits, are dealt with in this chapter. Also in Chapter 9, I discuss hydrothermal systems powered by high heat producing granites (HHP) and conclude with an unusual amagmatic mineral system from northwest Greenland.
On Earth, sites of hydrothermal activity support, both at surface and in the subsurface, varied ecosystems based on a range of chemotrophic micro-organisms. An intriguing question is whether primitive life is still being created in present-day hydrothermal systems, or did it occur only in the ancient geological past? These are some of the issues discussed in Chapter 10. Also in this chapter the role of bacterial communities in ore genesis are examined with recent and ancient examples being discussed. On the way, I thought it appropriate to make a brief mention of gas hydrates and associated seafloor seeps and mud volcanoes.
Chapter 11 looks into the role of meteorite impacts as a source of thermal energy for hydrothermal circulation. Accounts of hydrothermal systems associated with meteorite impacts are mostly confined to a somewhat restricted group of geoscientists or ''impactologists'', who tend to publish in specialist journals. The fact is that large and small meteorite impacts do have a major role in setting up hydrothermal citculation, but because of the poor preservation record of many of the large impact structures, it is difficult to provide tangible proof of impact involvement for some ore systems (for instance the abovementioned polymetallic black shales in southern China). The Witwatersrand conglomerates, the largest accumulation of Au in the world, may have been preserved and/or locally re-distributed by hydrothermal fluids, generated by the large and oldest known impact structure ($2.02 Ga; Vredefort). An intriguing hypothesis, difficult to prove, due to the succession of thermal events that affected the Witwatersrand basin.
It is also possible that hydrothermal processes operate or operated on other planets, such as Mars, where liquid water is, or was present and even in some of the satellites of the Jovian planets. These are examined in Chapter 12. The recent and on-going space missions continue to supply astonishing large amounts of data that will take years to completely absorb and assess. NASA reports are regularly posted on web sites, often reporting new finds. Maintaining a connection with these web sites is akeen to each time opening a window on a new view. Our vision of the ''cradle of life'' has surely changed, life, as we know it, needs water and planet Earth must have been a very different place 3.5-4 billion years ago when life first appeared. The Earth must have had far greater lengths of deep sea ridges, volcanoes and submarine hydrothermal vents releasing large quantities of nutrients, than in later ages. In spite of frequent meteoritic bombardment, there must have been several well protected ''hydrothermal ponds'' where microbial life thrived. The challenge now is to find these ''hydrothermal ponds'' on other planets, with Mars being the best candidate, but certainly not excluding the very far away Galilean satellites, where deep oceans may exist beneath a crust of ice. Chapter 12 examines Europa, Ganymede, Enceladus and Titan as these possible candidates.
Chapter 13 is the last in this book and it deals exclusively with uranium mineral systems. Nuclear energy is a politically sensitive subject in many countries, but one which sooner or later needs to be accepted. Canada and Australia have large uranium resources, mostly contained in unconformity-related ore systems. In Australia, substantial resources are also contained in IOCG systems, such as Olympic Dam, discussed in Chapter 4. I have included in this chapter the alaskite-hosted U deposits, with the best example being provided by R¨ossing in Namibia.
Finally, I take full responsibility for the contents of this book. If I have misrepresented or misquoted some of the concepts or ideas obtained from the literature, this was unintentional and in no way reflects a disregard for the original author(s)' work.
Spelling is English Australia (Moore 2000) , except in references where original spelling is maintained. Unless otherwise explained, the abbreviations and symbols used in this book (e.g. Mt for million tonnes, t for tonnes, element symbols, such as Cu for copper, Ag for silver and so forth, $ for circa, wt% for weight percent, ppm for part per million, g/t grams per tonne, kbar for kilobar etc) should be familiar to all Earth scientists.
Chapter 1
Water and Hydrothermal Fluids on Earth
Introduction
In this Chapter I introduce aspects of the physics and chemistry of water that are relevant to the basic understanding of hydrothermal solutions, hydrothermal processes and systems. Given the context of this book, this introduction is perhaps somewhat elementary and by no means exhaustive, but for the reader who wants to further his/her knowledge I provide a list of a range of useful and/ or essential published works. Water is an oxide of hydrogen, composed of two H and one O atoms forming a polar molecule, meaning that the H atoms posses a weak positive charge and the O atom a weak negative charge and. This polarity is extremely important because it makes water a good ligand for cations, enabling processes of hydration and hydrolysis (Section 1.4.8). Pure water dissociates according to:
The OH -ion is known as the hydroxyl group, which commonly enters the structure of a large number of minerals, such as amphiboles, micas and clays.
Water is used as a standard for physical constants, it is a powerful solvent, which carries and deposits substances, and in which life abounds. As mentioned previously, life, in the sense that we understand it, originated in water and to remind us of this, water is the major constituent of all living organisms. The ubiquitous biological property is that of being water-based and this together with other bioelements, C, N, P and S is about all that there is in all living organisms from bacteria and archaea to humans. I return to that most elusive topic, life, in Chapter 12.
Water on our planet is found in all three phases of liquid, solid (ice) and vapour. At and near the surface water exists in the liquid state, as in the oceans, rivers, lakes, underground in the pores of the solid surface materials (groundwater); as a vapour in the atmosphere and in volcanic emissions; as a solid in the polar ice caps, mountain glaciers and as permafrost. Water is also, and importantly, in the context of this book, a major chemical constituent of many minerals, which are qualified by the adjective hydrous. All functioning terrestrial biological systems 
